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E-mail address: tutihara@iwakimu.ac.jp (K. TsuchiA native female-speciﬁc chemoreceptive protein of a swallowtail butterﬂy [oviposition stimulant
binding protein (OSBP)] was shown to speciﬁcally bind to aristolochic acid, a main stimulant for ovi-
position from its host plant. Oviposition stimulants are recognized by chemoreceptive organs of
insects. OSBP isolated previously from the chemoreceptive organs was assumed to bind to an ovipo-
sition stimulant. Using a highly sensitive ﬂuorescent micro-binding assay, we clariﬁed OSBP bound
to aristolochic acid. Three-dimensional molecular modeling revealed the structure of the OSBP-aris-
tolochic acid complex. This is the ﬁrst report of a native chemoreceptive protein binding to an ovi-
position stimulant as a ligand in insects.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Chemoreceptive organs of insects recognize a variety of plant
compounds that stimulate speciﬁc behaviors, such as feeding and
oviposition [1–7]. In butterﬂies, egg laying (oviposition) on larval
host plants is evoked by species-speciﬁc combinations between
chemoreceptors and plant compounds [6]. Although visual and
olfactory senses are involved in the initial attraction to a plant
[5], stimulation via contact with chemoreceptive organs is essen-
tial for oviposition. Prior to oviposition, butterﬂies drum the leaf
surface of the plant with the chemosensory organs of their forelegs
in order to detect plant compounds that stimulate oviposition. The
swallowtail butterﬂy, Atrophaneura alcinous, oviposits its eggs on
the host plant, Aristolochia debilis, in the presence of only two trig-
gering compounds: an alkaloid, aristolochic acid, and a monosac-
charide, sequoyitol [6]. Although each compound alone exhibits a
low oviposition activity, the two in combination synergistically ex-
hibit very high activity. In contrast, another swallowtail butterﬂy,chemical Societies. Published by E
versity, Faculty of Pharmacy,
an. Fax: +81 246 29 5414.
hara).Papilio xuthus, requires 10 plant compounds from Citrus spp. for
oviposition [7]. Chemoreception of oviposition stimulants appar-
ently varies among butterﬂy species.
In our previous study, a unique protein of 23 kDa (OSBP, ovipo-
sition stimulant binding protein) was found in the forelegs of fe-
male, but not male, A. alcinous [8]. (Note that the previous name
of the protein, Jf23 [8] is changed into OSBP in the present study.)
An electrophysiological experiment showed that the chemorecep-
tive organs of taste sensilla responded strongly to plant com-
pounds in a methanolic extract from A. debilis. This response was
suppressed by the presence of anti-OSBP antiserum, suggesting
that OSBP is involved in the chemoreception mechanism [8]. The
fact that the methanolic extract, including aristolochic acid and
sequoyitol, had strong oviposition-stimulating activity [6] sug-
gested that aristolochic acid was a candidate compound for bind-
ing to OSBP. The present study provides the ﬁrst evidence of
OSBP function in butterﬂies: the female-speciﬁc OSBP in the che-
moreceptive organs binds to aristolochic acid from the host plant,
triggering A. alcinous oviposition. We describe the binding of OSBP
with its ligand using a ﬂuorescence micro-binding assay [9–12]
and also present molecular modeling of these two molecules. This
is the ﬁrst report of an insect chemoreceptive protein binding to alsevier B.V. All rights reserved.
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binding assay will facilitate future studies of protein/ligand inter-
actions in chemoreception mechanisms.2. Materials and methods
2.1. Oviposition stimulant binding protein (OSBP)
OSBP was puriﬁed by native PAGE [13]. The tarsi from 500
female A. alcinous were homogenized in liquid nitrogen and sus-
pended in 5 mM sodium barbiturate/HCl buffer (pH 6.8) containingFig. 1. A ﬂuorescent aristolochic acid derivative (ﬂuo-AA). Emission and excitation
spectra were measured using ﬂuorophotometry. The emission spectrum peak of
ﬂuo-AA was 425 nm (excitation; 410 nm).
Fig. 2. A measurement system for the highly sensitive ﬂuorescence micro-binding assay.
(MO) is switched for either imaging or spectroscopy by a removable mirror (RM). Abbrev
(NF), electric shutter (SH), quarter-wave plate (k/4), long path ﬁlter (LF), pinhole (PH), im
cassette recorder (VCR). (B) An image of a ﬂuorescent aristolochic acid derivative (ﬂuo-10% glycerol. The homogenate was sonicated for 15 min and cen-
trifuged at 3000 rpm for 20 min at 4 C. The supernatant was then
concentrated using a 10000 NMWL ﬁlter (Millipore Ultrafree Mas-
sachusetts, USA) and subjected to native PAGE performed in a 15%
slab acrylamide gel (90  80  1 mm) at 30 mA for 2 h. OSBP was
detected by Western blot analysis [8]. Additional native PAGE
was then performed as above and proteins were negatively stained
(Bio-Rad). The OSBP band was cut out of the gel and OSBP was col-
lected using the GEL-SPIN protein recovery kit (Worthington).
2.2. A ﬂuorescent aristolochic acid derivative (ﬂuo-AA)
Ten milligrams of 18-crown-6 ether in 1 ml acetonitrile and
10 mg of 6-bromoacetyl-2-dimethylaminonaphthalene in 1 ml
acetonitrile were added to 10 mg aristolochic acid (0.029 mol from
the host plant A. debilis) in 20 ml dry acetone without exposure to
light. A ﬁnely powdered anhydrous mixture of sodium sulfate
(0.1 g) and potassium carbonate (0.15 g) was then added with stir-
ring. The mixture was reﬂuxed for 1 h and cooled to room temper-
ature. Solids were removed by ﬁltration and the solvent was
removed in vacuo. The residue was applied to silica gel column
chromatography with hexane/ethyl acetate (4/1) to give ﬂuo-AA
(12 mg) (Fig. 1).
We labeled aristolochic acid with a ﬂuorescent dye, 6-bromo-
acetyl-2- dimethylanminonaphthalene to enable detection under
visible light. Our preliminary experiments showed that the auto-
ﬂuorescence signal from aristolochic acid in the visible spectrum(A) The ﬂuorescence emission from the samples collected by a microscope objective
iations are (from top to bottom): prism (P), lens (L), mirror (M), neutral density ﬁlter
age-intensiﬁer-coupled SIT camera (ISIT), relay lens (RL), band path ﬁlter (BF), video
AA) binding to OSBP.
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visible results. Therefore, we designed a ﬂuorescent aristolochic
acid derivative (ﬂuo-AA) (Fig. 1) based on the putative model for
the OSBP-aristolochic acid complex described below. When ﬂuo-
AA was excited at 406.7 nm, the emission maximum was observed
at 511 nm, which was clearly distinguishable from the emission
maximum of Cy3-OSBP (569 nm).
2.3. Fluorescent-protein complexes
Cy3-OSu (PA23001, GE Healthcare Life Sciences) was dissolved
in 10 ll DMSO (Sigma) and diluted 5000-fold in 50 mMHEPES (Doj-
indo) buffer containing 50 mMNaCl (pH 7.0). OSBP dissolved in the
same buffer was mixed with the Cy3-OSu solution at a molar ratio
of 2:1 at 0 C to allow conjugation of Cy3 with OSBP (Cy3-OSBP).
The conjugation reaction was terminated after 1 hr by adding a
10-fold molar excess of glycine over the dye. The product was cen-
trifuged and then gel-ﬁltered with NAP-10 (GE Healthcare Life Sci-
ences) to remove aggregates of OSBP. CRLBP (Chemical sense-
related lipophilic ligand-binding protein) was puriﬁed from blowﬂy
antennae according to the method of Ozaki et al. [14]. Cy3-CRLBP
was prepared according to the method described for Cy3-OSBP.
Cy3-BSA (bovine serum albumin, Sigma) was prepared in a similar
manner except that BSAwasmixedwith Cy3-OSu at amolar ratio of
1:2 in 50 mM NaCl and 50 mM HEPES buffer (pH 7.8) at room tem-
perature. Cy3-myosin was prepared according to the method by
Funatsu et al. [9]. Yeast cytochrome c (C2436, Sigma) was labeled
with IC3-PE-Mal (Dojindo) according to Wazawa and Ueda [10]
(IC3-cytochrome c).
The ﬂuorescent modiﬁed proteins (50 ll) were dissolved in buf-
fer (10 mM PIPES, pH 7.5) then diluted protein solution (10 ll) was
introduced into a ﬂow chamber for the binding assay. The ﬂow
chamber was made by placing a glass coverslip (18  18 
0.17 mm; Matsunami) on the center of a silica slide glass
(26  75  1 mm; Hikari Kobo) and securing with two strips of
polyester tape (18 mm  2 mm  25 lm) [11]. After a few minutes
incubation, the chamber was washed three times with 50 mM
PIPES buffer (10 ll). Since Cy3-OSBP could not be directly placed
on the slide glass, the surface of the slide glass was initially coated
with antibody against OSBP (anti-OSBP) diluted 1/1000 in PIPES
buffer (10 ll). Fluo-AA dissolved in ethanol diluted 1/10 in PIPES
buffer (5 ll of 30 nM) was then applied into each chamber. After
5 min incubation, the chambers were washed three times with
PIPES buffer (10 ll) then the strips of polyester tape were removed
and the cover glass was sealed with nail polish.
2.4. Binding assay
Binding of ﬂuo-AA to the proteins was monitored using a highly
sensitive ﬂuorescence microscope, a total internal reﬂection ﬂuo-
rescencemicroscope (Fig. 2A), according to amethodmodiﬁed from
Wazawa et al. [12]. Specimens were excited by light obtained from
the single-line outputs of an Ar–Kr mixed gas laser (Innova 70C
Spectrum, Coherent) by excitation at 406.7 and 514.5 nm. When
observing ﬂuo-AA, a wavelength of 406.7 nm with a long pass ﬁlter
(E435lp, Chroma) was used. When imaging Cy3, the specimen was
excited at 514.5 nm and the ﬂuorescence signal was passed through
a band pass ﬁlter (570DF30, Omega). The ﬂuorescence was imaged
using an image-intensiﬁer-coupled SIT CCD camera (C7190-21,
Hamamatsu Photonics) coupled with an image-intensiﬁer
(VS4-1845, Video Scope International). For spectroscopy, the ﬂuo-
rescence was passed through the long pass ﬁlter, dispersed with a
grating spectrograph [spectrograph, Holospec f/2.2, grating, HFG-
550 (spectral coverage, 300–650 nm), Kaizer Optical Systems],
and detected using a cooled CCD camera (CCD15-11-0-232, Wright
Instruments).2.5. Three D-structure modeling
Whole protein structures were generated using the homology
module in Insight II (Molecular Simulations Inc.), according to
the homology alignment between OSBP and bilin-binding protein
[15]. The ﬁrst protein model generated showed unfavorable steric
interactions, therefore, severe steric interactions of side chains
were removed using the rotamer database in Insight II. Annealing
by molecular dynamics on the backbone and side-chain structures
was then simulated at 400 K with an 8 Å cutoff, a dielectric con-
stant of 1, and a time step of 1 fs for 100 ps by sampling the con-
formation every 1 ps using Discover 3 (Molecular Simulations
Inc.). The structures of the resulting protein were energy-mini-
mized until the root-mean square deviation (r.m.s.d.) was less than
0.1 kcal/mol/Å. The most energetically favored structure was then
selected from 100 generated structures. The space of the binding
site was analyzed using the Binding-Site module in Insight II.
The 3D-structure of aristolochic acid was constructed using the
builder module in Insight II and the structure was energy-mini-
mized using Discover 3. Aristolochic acid was manually docked
into the cleft of the OSBP protein, guided by the ligand-binding
space obtained by the binding-site analysis. Molecular dynamics/
minimization was carried out at 298 K for 100 ps by sampling
the conformation every 1 ps using Discover 3. The most energeti-
cally favored complex structure was selected from 100 generated
structures.3. Results and discussion
3.1. Fluorescent micro-binding assay of OSBP to aristolochic acid
To perform a micro-binding assay of OSBP and aristolochic acid
on silica glass slides, we ﬁrst immobilized Cy3-OSBP on the surface
of the slides. Slides were pre-treated with anti-OSBP antiserum,
washed three times with PIPES buffer, and incubated with
Cy3-OSBP for 5 min. After washing with Cy3-OSBP-free buffer,
the samples were then excited at 514.5 nm and ﬂuorescence was
monitored through a band pass ﬁlter to detect ﬂuorescence from
the Cy3 moiety. Fluorescence was detected from the entire illumi-
nated surface of the specimens and its spectrum corresponded to
the Cy3 ﬂuorophore. When Cy3-OSBP was incubated alone on
the slides, no ﬂuorescence was observed (data not shown). These
results indicate that Cy3-OSBP was immobilized on the slide
surface with the aid of the anti-OSBP antibody. This specimen
was further used for the binding assay with aristolochic acid.
After adding ﬂuorescent aristolochic acid derivative (ﬂuo-AA)
(Fig. 1), the sample chamber was washed with ﬂuo-AA-free buffer.
The sample was excited at 406.7 nm and its ﬂuorescence was de-
tected through a long pass ﬁlter (transmission > 435 nm) to obtain
the signal for ﬂuo-AA. Fluorescent spots were observed on the glass
surface (Fig. 2A). Spectra of the ﬂuorescent spots were recorded
using a spectrograph. Cy3-OSBP ﬂuorescence was barely detected
at thiswavelength of excitation, and the spectrumof the ﬂuorescent
spots corresponded to that of ﬂuo-AA. When ﬂuo-AA was added to
the sample chamber without Cy3-OSBP, as a control, excitation at
406.7 nm resulted in no ﬂuorescence (Fig. 2B). As an additional con-
trol, when a ﬂuorescent ligand for CRLBP [7-hydroxycoumarin, Nac-
alai Tesque, Kyoto, Japan. The emission spectrum peak was 455 nm
(excitation; 410 nm)] [16] was added to the sample chamber with
Cy3-OSBP, no ﬂuorescence was observed (data not shown).
Speciﬁc binding of Cy3-OSBP to ﬂuo-AA was conﬁrmed by
examining the binding of ﬂuo-AA to the control proteins Cy3-
BSA, Cy3-myosin, and IC3-cytochrome c. When the control pro-
teins alone were incubated on the slides, their ﬂuorescence was
clearly observed by excitation at 514.5 nm, showing that they were
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added to the sample chambers in which control proteins had been
immobilized. No ﬂuorescence from ﬂuo-AA was observed with any
of the three samples (Supplementary Fig. 2), showing that ﬂuo-AA
did not bind to these proteins. In addition, no ﬂuorescence was ob-
served when ﬂuo-AA was incubated with Cy3-CRLBP, (data not
shown). The results indicate speciﬁc binding between ﬂuo-AA
and Cy3-OSBP.
The binding assay described here, using microscopic ﬂuoropho-
tometry coupled with a CCD camera, is a powerful tool for examin-
ing binding using very small amounts of molecules. The amounts
of native chemoreceptive proteins are very small, therefore, these
proteins are often expressed in cells or synthesized in vitro in order
to obtain large enough amounts for experimental studies [17–20].
However, nucleotide gene sequence information is required for
protein expression and the expressed proteins are not likely to
be functional due to unfolding of the proteins. Using the present
assay, however, it is possible to determine micro-binding activity
for very small amounts of native proteins with high sensitivity.
Furthermore, by using appropriate controls, the assay can be
shown to be highly speciﬁc. The present method will therefore
open an avenue for future studies of protein/ligand interactions
in chemoreception mechanisms (see Fig. 3).3.2. Molecular modeling of OSBP
Amolecular model of OSBP was constructed based on the atom-
ic coordinates of bilin-binding protein (BBP). The amino acid se-
quence of OSBP (AB436410) [8] shows homology to that of BBPFig. 3. Fluorescence images and spectra of ﬂuo-AA with Cy3-OSBP (A) and ﬂuo-AA[15] and their backbone structures are similar (Fig. 4A). The bind-
ing pocket of OSBP was smaller than that of BBP. The presence of
large residues such as Val77, Phe87, Phe89, and Phe132 at the
binding pocket of the OSBP model contributed to the reduction
in size of the ligand-binding pocket and made the binding pocket
hydrophobic. This result suggests that OSBP binds to hydrophobic
ligands smaller than biliverdin (bilin), the ligand for BBP (Fig. 4B).
Aristolochic acid appears to be the ligand for OSBP. The larval
host plant, A. debilis, contains two lipophilic and hydrophilic ovipo-
sition stimulants, aristolochic acid and sequoyitol. Of these two
molecules, the lipophilic aristolochic acid showed a good molecu-
lar ﬁt in the OSBP binding pocket, whereas the other hydrophilic
compound has a smaller molecular size than aristolochic acid. This
suggests that sequoyitol is an unsuitable ligand for hydrophobic
binding to OSBP.
Several binding modes were examined for modeling the OSBP
complex by placing aristolochic acid within the binding pocket.
The binding mode depicted in Fig. 4A showed the best ﬁt. In this
binding model, the hydrophobic aromatic portion was deeply
bound in the hydrophobic pocket, while the hydrophilic carboxyl-
ate group was exposed to the solvent (Fig. 4C). Because the car-
boxyl group of aristolochic acid lay outside the binding site, the
ﬂuorescent moiety attached via the carboxyl group was introduced
in a way so as not to disturb the binding of the two molecules
(Fig. 1).
In summary, molecular modeling revealed that OSBP, which is
present only in females of A. alcinous, can bind to aristolochic acid,
a major oviposition stimulant of the host plant, A. debilis. Evidence
from the present binding assay that OSBP binds to aristolochic acid
suggests that OSBP is involved in the chemosensory mechanism ofwithout Cy3-OSBP. (B). Specimens were excited at 406.7 nm. Scale bar, 10 lm.
Fig. 4. Three-dimensional molecular models of proteins. (A) Ribbon models of bilin-
binding protein (left, gray) and OSBP (light blue) with biliverdin (gray) and
aristolochic acid (green), respectively. Both ligands are shown by a ball and stick
model. (B) Surface of the binding sites of bilin-binding protein and OSBP. Surfaces
are shown in yellow. Ligands are shown by a space-ﬁlling model. (C) OSBP and
residues surrounding aristolochic acid. Carbons of residues are colored green,
whereas those of aristolochic acid are light blue.
K. Tsuchihara et al. / FEBS Letters 583 (2009) 345–349 349A. alcinous. OSBP is therefore a candidate molecule for the transfer
of aristolochic acid to receptors or for the activation of receptor
molecules following ligand binding. The present micro-binding as-
say is a powerful tool for future studies of native protein/ligand
interactions in chemoreception mechanisms.
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